We report on a reduced-complexity laser-diode-seeded master-oscillator-power-amplifier 
INTRODUCTION
Laser material processing has become a widespread technology in industrial manufacturing [1] to [3] . In various applications, such as e.g. in micro-processing, a high-quality (i.e. singletransverse-mode) output at high power levels is desired [4] to [7] . In conventional laser sources, such as e.g. in bulk solid state lasers, thermally induced optical mode distortions restrict their power scaling potential when a good beam quality needs to be maintained. Therefore, several geometries of the gain medium have been introduced (thin-disc, slab, fiber) in order to overcome these issues. The fiber laser architecture ( Fig. 1 ) turns out to be a particularly attractive alternative, not only for its capacity to generate raw optical power -up to 10 kW in a single transverse mode has been achieved [8] -but also for a number of other features that distinguish it from other laser setups, and that lead to a rapid penetration of fiber laser systems into applications formerly dominated by other lasers.
An active optical fiber has a rare-earthdoped silica core that serves as a gain medium as well as an optical waveguide that supports only a single transverse mode of propagation, providing long interaction lengths between the gain medium and the guided laser and pump light. A high single-pass-gain gives a low laser threshold and simple amplifier setups are possible even with quasi-three-level dopants such as ytterbium, which offers a high optical-to-optical efficiency [9] due to its low quantum defect.
A low quantum defect, a large surfaceto-volume ratio of the core as well as a high damage threshold and low loss of the silica host enable an efficient thermal management and a high-power output. Ytterbium also offers a broad gain bandwidth (975 to 1180 nm) as well as a broad absorption band, covering wavelengths (900 to 980 nm) at which high power semiconductor pump diodes are at their best.
Fully integrated structure provides compact, robust, alignment-free laser setup that is compatible with highly efficient fiberpigtailed high power pump diodes and various fiber-integrated devices such as e.g. fiber Bragg gratings, fiber couplers, etc.
Fiber lasers also offer the possibility of operating in the pulsed regime. Several different techniques have been employed to achieve a broad pulse parameter space. Active Q-switching in free space coupled [10] to [14] and all-fiber design [14] and [15] , passive Q-switching [16] and [17] , as well as direct [18] to [20] and external modulation [21] and [22] of a seed laser can be used to generate ns and sub-ns pulse durations with PRF (pulse repetition frequency) in the kHz region. In the ps region, semiconductor seed diode gain switching [15] and active modelocking setups [16] can provide pulses with PRF up to the GHz range. Passive modelocking techniques [17] and [18] offer sub 100 fs pulse lengths at PRF of several 100 MHz.
In either pulsed or CW regime, laser (resonator) configurations (Fig. 1) [8] and [27] as well as master oscillator power amplifier (MOPA) configurations (Fig. 2) [7], [28] and [29] can be used for power scaling of fiber lasers. Whereas the laser configuration offers simplicity and compactness, the MOPA approach allows for a more refined control of both temporal and spectral characteristics at high powers. In a MOPA architecture, the output from a highly controlled, low power seed laser can be amplified to high power levels while preserving the desired seed characteristics. Narrow-linewidth operation in CW [19] or pulsed [20] regime and highly-controlled pulsed operation [21] to [24] at high power levels are typically realized using a MOPA design.
A narrow-linewidth output of a MOPA laser can be coherently combined into a synthetic aperture laser with a power scaling potential that can far exceed that of a single-fiber laser. A linearly polarized narrow-linewidth beam can also be efficiently transformed into a higher-order harmonic radiation, e.g. by using a critical phase matching technique in a nonlinear optical crystal. Second harmonic generation (SHG) produces a radiation in the green part of the visible spectrum which can be employed in various industrial and medical applications, such as e.g. thin-filmtransistor (TFT) annealing [25] , post deposition annealing of ferro-electric thin film for ferroelectric random access memory (FeRAM) and piezoelectric devices [26] or photochemical tooth bleaching [27] , where it can significantly outperform existing solutions.
A significant progress has been made in the field of research on narrow-linewidth fiber lasers with reported powers of up to 500 W [19] . MOPA is a well established approach in the field of generating a narrow-linewidth polarized output [19] and [20] , that is suitable for SHG. Various seed sources have been used -solid state bulk and fiber laser as well as semiconductor laser diode.
However, multiple-stage amplifiers have had to be used to achieve even a medium power level output (~10W), with each stage requiring a separate pump and thermal management system and a high-power inter-stage optical isolator, rendering such an approach to be rather complex. Recent advances in semiconductor laser diode technology [28] and [29] and the introduction of advanced photonic crystal fiber (PCF) design with an increased pump absorption have opened up a possibility to reduce the complexity of the MOPA architecture.
For the purpose of achieving a single frequency output in the 10 W region, we have focused our work on a diode-seeded single stage amplifier MOPA configuration using an air-clad PCF with ytterbium-doped silica core. Since high gain as well as high efficiency cannot be achieved in a single stage amplifier at the same time, the design had to be optimized to achieve a high enough gain to amplify the seed to the required output power without the need to use excessive pump powers. A single semiconductor singleemitter-based pump module has been proved to be sufficient.
In this paper, a single stage amplifier MOPA arrangement, providing up to 7.5 W of linearly polarized narrow-linewidth output at 1064 nm, suitable for SHG is presented. This simplified arrangement is well-suited for integration into various industrial applications.
EXPERIMENTAL SETUP
The experimental setup of our MOPA system is shown in Fig. 3 . A 1064 nm continuous wave (CW) fiber-pigtailed semiconductor laser diode master oscillator has been used as a seed source for a single stage ytterbium doped fiber amplifier. The seed diode delivers a narrow-linewidth (300 MHz), single-transverse-mode, linearly polarized beam with an electronically adjustable output power of up to 150 mW. It has been temperature stabilized at 25 °C using a diodeintegrated thermo-electric cooler.
An ytterbium-doped photonic-crystal fiber has been used as the amplifier medium. Active fiber's cross section is shown in Fig. 4 . Strictly single-transverse mode guidance is achieved, using a step index profile between the 15 μm core with a numerical aperture (NA) of 0.055 and the 135 μm inner (pump) cladding (NA = 0.6). A microstructured region of air channels, inserted into a silica substrate, that run along the entire fiber length, separates the inner and outer cladding, providing a high-NA waveguide for low-brightness pump light. An all-glass pure silica cladding structure (i.e. the absence of a polymer outer cladding) alleviates the risk of fiber damage at high levels of launched pump power and offers a significant power scaling potential. The active fiber is polarization maintained (PM) with two orthogonal axes of propagation. A strong birefringence is created by inducing a constant stress-field within the fiber core by using stress-applying members on each side of the core. Birefringence breaks the circular symmetry, thus creating two principal transmission axes within the core, providing a strong isolation against cross-coupling of guided light between the two orthogonal eigenmodes, while the fiber is being subjected to external stress and temperature perturbations along its length. PM fiber's birefringence axis has been aligned with the seed polarization plane in order to excite a single polarization mode and thus maintain the polarization state along the amplification path in the PM fiber.
A fiber pigtailed 915 nm semiconductor laser diode delivering up to 25 W in the CW regime has been used as the pump source for the fiber amplifier in a counter-propagating pumping scheme. An electronically controllable current source has been used as the pump diode driver while an external thermo-electric cooler provides the means for a temperature-stabilized diode operation at peak absorption wavelength.
Both the seed and the pump beam have been free-space coupled into the fiber amplifier using bulk optics. The coupling efficiency has been determined, using a short fiber piece, to be 75 and 80% for the seed and pump beam respectively. The absorption of the 915 nm pump light in the core has also been measured, obtaining a value of 90%.
The fiber ends have been precisely cleaved at an angle of approximately 8° to the fiber axis to prevent parasitic lasing in the amplifier due to the Fresnel back-reflection on the fiber facets, effectively coupling the back-reflected light into radiation modes and thus preventing their amplification in the backward direction.
A dichroic mirror has been used to separate the amplified laser beam and the input pump beam on the output side of the amplifier.
The high amplifier gain necessitates the use of an optical isolator to protect the seed source against the amplified back-reflected beam. A bulk optic Faraday isolator with 42 dB isolation has therefore been inserted between the seed source and the fiber amplifier input.
EXPERIMENTAL RESULTS AND DISCUSSION
Experimental results have been grouped into the following subsections: Output power and amplifier gain, Amplifier efficiency, Polarization contrast, Output power stability and Emission spectrum.
Output Power and Amplifier Gain
Electronically adjustable seed current that drives the semiconductor master oscillator allows for a refined control over the optical seed power coupled into the fiber amplifier. Data were acquired by varying the seed current and by simultaneously recording the resulting output power. Fig. 5 shows the 1064 nm laser output power P L from the ytterbium PCF amplifier as a function of the input seed power P s at several different levels of launched pump power P p .
Fig. 5. Average laser output power P L versus launched seed power P s ; the legend shows the pump power P p used, for each graph respectively
With increasing seed power the gain saturates and the output power only becomes a function of the launched pump power in the saturated regime. The output power scales linearly with pump power up to approx. 15 W of pump power, whereas a transition into a sub-linear
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relationship is observed above this value due to pump saturation.
A maximum output power of 7.5 W at 1064 nm was achieved in the saturated regime for a launched pump power of 18.3 W, corresponding to a single pass gain of approximately 24 dB. The maximum achievable output power was only limited by the available pump power. Fig. 6 shows the amplifier gain characteristics. Amplifier gain P L / P s as a function of launched seed power P s has been plotted for various levels of pump power P p .
The gain increases monotonically with pump power and decreases monotonically with seed power. A maximum gain of 29.5 dB has been achieved at the seed power of 2 mW and pump power of 18.3 W.
Fig. 6. Amplifier gain P L / P s as a function of launched seed power P s ; the legend shows the pump power P p used, for each individual graph
Notice that by reducing the seed power the small signal gain becomes increasingly saturated with respect to launched pump power.
Amplifier Efficiency
A single-stage single-pass amplifier inherently suffers from a lower optical-to-optical efficiency than a multiple stage amplifier where the overall efficiency is predominantly determined by the highly efficient final power amplifier stage that operates in the highly saturated regime throughout the whole fiber length.
Here, a single-stage single-pass amplifier has been used in order to reduce the complexity of the laser setup, rendering the high levels of efficiency out of reach since the input segment of the amplifier cannot be saturated and acts therefore, as an amplified stimulated emission (ASE) source.
Fig. 7. Fiber amplifier efficiency P L / P p versus the seed power P s for three different levels of pump power P p (as shown in the legend); efficiency is defined here as a quotient of total output power at 1064 nm P L versus the pump power launched into the active fiber P p
Therefore, a careful amplifier design optimization has been undertaken in order to achieve a high enough gain to amplify the seed to the required output power, as well as to get a reduced ASE output and the highest possible efficiency, so that only one single-emitter based pumping module would be sufficient to pump the amplifier, leading to a simpler thermal management and pump driver system.
An air-clad PCF with a strong overlap between the pump modes and the active core that is a direct consequence of a high-NA (0.6), small diameter (135 mm) pump cladding has been used to ensure a high pump light absorption, leading to a short unsaturated length of the amplifier, effectively reducing the ASE output. A plot of amplifier efficiency P L / P p as a function of the launched seed power P s is shown in Fig. 7 . Efficiencies up to 50% have been achieved as well as a laser-to-ASE contrast up to 10 dB as shown in Fig. 8 . 
Polarization Contrast
The 1064 nm output of the amplifier is linearly polarized. Fig. 9 shows the dependence of the polarization contrast on the launched pump power P p at 10 mW of input seed power P s . The polarization contrast has been measured using a rotating beam-splitter cube and is defined here as a ratio of maximum vs. minimum transmitted power P max / P min at 1064 nm.
Whereas a high contrast of approx. 100 to 120 could be maintained up to approx. 10 W of pump power, a reduction of the achievable contrast is observed when approaching higher levels. Nevertheless, a value of over 30 could be achieved over the entire range. 
Output Power Stability
A long term (1 hour) as well as short term (2 s) output power stability has been measured using a thermopile sensor and a photodiode respectively.
The output power stability on the 1 h scale was measured to be 1.3% RMS and 2.4% on the 2 s scale. 
Emission Spectrum
The emission spectrum of the amplifier output has been investigated using an optical spectrum analyzer (OSA). In addition to the 1064 nm signal, the spectrum also exhibits an ASE band, as shown in Figs. 11 and 12 .
The overall amplifier spectral fidelity could not be determined using an OSA due to its limited resolution bandwidth (70 pm) that is orders of magnitude wider than that required to sample a 300 MHz laser line at 1064 nm. However, it still enabled us to examine various ASE spectral features that were present in the amplifier output.
A 5-by-2 matrix of optical spectra is given in Fig. 11 , providing a comparison of the unsaturated versus the saturated operation of the amplifier at various pump and seed powers used.
A row-vise comparison shows that at low pump powers, no significant ASE is present. However, a significant build-up of ASE can be observed when the pump is increased. An even further increase results in the onset of spurious lasing as confirmed by the presence of sharp peaks in the ASE spectrum. Introducing a 10 mW seed signal into the amplifier causes a significant reduction of ASE only at lower pump powers but it does not suppress the lasing modes at higher pumping levels.
A column-wise comparison on the other hand shows that by increasing the seed power the gain can be saturated and consequently, the ASE modes effectively suppressed even at the highest pumping levels. The seed diode optical output has been sufficient to maintain a spurious-lasing free operation throughout the entire range of pump powers. Fig. 12 shows the output power spectrum in the highly saturated regime at a seed power of 57 mW and at four different pump levels. The ASE spectral features lie more than 26 dB below the signal level without any evidence of the lasing modes being present.
CONCLUSION
We have demonstrated a reduced complexity MOPA system with a single-stage ytterbium PCF amplifier, generating up to 7.5 W single-transverse-mode linearly-polarized narrowlinewidth output suitable for second harmonic generation. Amplifier gain of 24 dB at the highest optical output power has been achieved and we have managed to maintain the polarization contrast of over 30 throughout the entire output power range. Amplifier efficiencies up to 50% and laser-to-ASE contrasts of up to 10 dB have been obtained.
The presented setup has the potential to be fully fiber integrated and scaled well above the 10 W level since its output has only been limited by the currently available pump power.
ACKNOWLEDGMENT
The operation has been partly financed by the European Union, European Social Fund. 
